Silver (Ag) nanoparticles are commonly used in consumer products due to their antimicrobial properties. Here we studied the impact of Ag nanoparticles on immune responses by using cell lines of monocyte/ macrophage and lung epithelial cell origin, respectively. Short-term experiments (24 h) showed that Ag nanoparticles reduced the lipopolysaccharide (LPS)-induced secretion of pro-inflammatory cytokines in THP-1 cells under serum-free conditions. ICP-MS analysis revealed that cellular uptake of Ag was higher under these conditions. Long-term exposure (up to 6 weeks) of BEAS-2B cells to Ag nanoparticles also suppressed pro-inflammatory cytokine production following a brief challenge with LPS. Experiments using reporter cells revealed that Ag nanoparticles as well as AgNO 3 inhibited LPStriggered Toll-like receptor (TLR) signaling. Furthermore, RNAsequencing of BEAS-2B cells indicated that Ag nanoparticles affected TLR signaling pathways. In conclusion, Ag nanoparticles reduced the secretion of pro-inflammatory cytokines in response to LPS, likely as a result of the release of silver ions leading to an interference with TLR signaling. This could have implications for the use of Ag nanoparticles as antibacterial agents. Further in vivo studies are warranted to study this.
Silver (Ag) nanoparticles are one of the most widely used nanomaterials in consumer products, and this has raised concerns regarding their potential adverse effects on human health. 1 It is debated whether or not Ag nanoparticles pose any novel risks that are fundamentally different from other forms of Ag including colloidal Ag. [2] [3] [4] [5] However, there is ample evidence that Ag nanoparticles exert cytotoxic effects towards human cells in addition to the well-known anti-bacterial effects, and some studies have suggested that this could be due, at least in part, to a Trojan horse mechanism whereby Ag nanoparticles are internalized by cells and subsequently undergo dissolution intracellularly with release of Ag ions. [6] [7] [8] Furthermore, particle size is also a key parameter, as demonstrated in several recent studies. 7, 9, 10 Indeed, we previously reported that 10 nm Ag nanoparticles were more cytotoxic and released more Ag when compared with larger Ag nanoparticles (75 nm) following incubation in cell culture medium. 7 Thus, the cytotoxicity of Ag nanoparticles is linked both to particle size and to ion release. However, 'all that is silver is not toxic', and recent studies have shown that aging of Ag ions in cell culture medium for 3 or more hours signicantly attenuated toxicity towards a murine macrophage-like cell line. 11 Since Ag nanoparticles are widely used for their antibacterial properties, it is important to determine whether these particles exert any immunosuppressive effects on immune-competent cells. To date, the ndings with regards to the impact of Ag nanoparticles on cells of the innate immune systemthe rst line of cellular defense against microbial infectionare contradictory. Hence, Ag nanoparticles were reported to trigger the secretion of pro-inammatory IL-1b in primary human monocytes as well as in the human THP-1 cell line, a commonly used model of monocytes. 12, 13 Using microarray analysis, Lim et al. found that Ag nanoparticles induced upregulation of IL-8 (also known as CXCL8) in macrophage-like U937 cells, while pro-inammatory cytokines such as IL-1b, IL-6, and TNF-a were not found to be signicantly increased. 14 On the other hand, Ag nanoparticles were shown to suppress Mycobacterium tuberculosis-induced IL-1b production in primary human monocytederived macrophages. 15 In the latter study, the suppressive effects on IL-1b release were not reproduced with soluble Ag ions. The aim of the present study was to examine the impact of Ag nanoparticles on immune-competent cells exposed to bacterial lipopolysaccharide (LPS). To this end, we utilized citrate-coated Ag nanoparticles and studied their effects on The hydrodynamic size distribution of Ag nanoparticles (10 mg mL À1 ) was determined by PCCS and is expressed as density distribution by volume and was performed in RPMI-1640 medium without (A and B) or with 10% FBS (C and D). The variation in intensity of the scattered light over time for Ag10 (E) and Ag75 (F) is also shown. (G) The release of Ag in RPMI medium with or without 10% FBS after 0 h and 24 h for Ag10 and Ag75 (10 mg mL À1 ) was determined by ICP-MS. Results are expressed as the percentage of released silver compared to the total mass of silver (experimentally determined). Results are presented as mean values AE S.D. (n ¼ 3). Significant results are marked with asterisks (* p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001).
cytokine secretion in macrophage-differentiated THP-1 cells and bronchial epithelial BEAS-2B cells, following short-or longterm exposure. In addition, we used a reporter cell line to elucidate whether Ag nanoparticles act directly on Toll-like receptors (TLRs), important pathogen recognition receptors expressed on lung epithelial cells, macrophages, and other immune cells. 16 First, we tested whether Ag nanoparticles (10 nm and 75 nm) showed any immunosuppressive or anti-inammatory effects in macrophage-differentiated THP-1 cells. THP-1 cells are commonly used as a model of innate immune cells and previous studies have shown that these cells are capable of producing a relevant repertoire of cytokines in response to LPS. 17 THP-1 cells can grow either in medium supplemented with fetal bovine serum (FBS) or in serum-free conditions. For comparison, BEAS-2B cells (see below) are cultured in serumfree medium supplemented with specic growth factors. 18 Since the presence of proteins can alter the characteristics and the ensuing biological behavior of nanoparticles, 19 we decided to investigate potential differences between the two cell culture conditions in terms of particle agglomeration/intensity of scattered light as well as release of Ag in cell culture medium. Particle agglomeration, sedimentation, and dissolution are processes that occur in parallel. Consequently, the intensity of the scattered light increases in a non-linear manner with increasing size and number of particles in the dispersion and decreases with particle sedimentation and dissolution. 7, 20 Our results showed that the 10 nm particles and 75 nm particles displayed a more pronounced sedimentation in serum-free cell culture medium when compared to medium supplemented with 10% FBS (Fig. 1A-F ). We also determined the release of Ag in different cell culture media by using inductively coupled plasma mass spectrometry (ICP-MS), and observed that the 10 nm particles released signicantly more Ag when compared to the 75 nm particles, and this was more pronounced in cell culture medium supplemented with FBS ( Fig. 1G ). The increased release of Ag in the presence of serum proteins could be related to the high affinity of Ag for proteins that can shi the reaction equilibrium towards the solution. Overall, the Ag nanoparticles displayed reduced agglomeration and sedimentation and higher release of Ag in cell culture medium supplemented with 10% serum as compared to the serum-free conditions. We then evaluated the toxicity of the Ag nanoparticles in differentiated THP-1 cells using the Alamar Blue assay which reports the metabolic capacity of cells. Our results showed a dose-dependent toxicity in cells under serum-free conditions with cytotoxicity noted already at 5 mg mL À1 ( Fig. 2A and B ). In addition, 10 nm particles were more cytotoxic than 75 nm particles. Furthermore, we found that the cellular content of Ag was, overall, higher in cells maintained in serumfree medium and higher for the 10 nm particles as compared to the 75 nm particles (at 5 mg mL À1 ) (Fig. 2C ). The higher cellular content of Ag under serum-free conditions could be explained by a greater particle sedimentation, leading to an increased contact between nanoparticles and cells. Indeed, higher uptake of citrate-capped Ag nanoparticles (75 nm) by THP-1 cells under serum-free culture conditions was reported in a previous study. 21 Notably, even though the Ag particles displayed a higher release of Ag in cell culture medium supplemented with FBS, as noted above, this did not translate into stronger toxicity, possibly due to the fact that the released Ag has a high affinity for serum proteins and therefore is less bioavailable. Hence, the results speak in favour of a Trojan horse-like mechanism whereby particle uptake is followed by intracellular dissolution.
Next, we exposed macrophage-like THP-1 cells to 5 mg mL À1 Ag nanoparticles both in serum-free and serum-supplemented cell medium for 24 h followed by challenge with LPS, and then evaluated the secretion of pro-inammatory cytokines. Our results showed that LPS triggered the secretion of IL-1b, IL-6, and TNF-a, but not IL-8/CXCL8 (Fig. 3A-D) . In serumcontaining medium, the 10 nm and 75 nm particles did not alter the LPS-triggered cytokine secretion, although a non-signicant reduction of IL-6 secretion was noted in cells exposed to the 10 nm particles. However, in serum-free conditions the 10 nm particles, but not the 75 nm particles, signicantly reduced the LPS-triggered secretion of pro-inammatory IL-1b, TNF-a, and IL-6 ( Fig. 3A-C) . These results suggest that 10 nm Ag nanoparticles have immunosuppressive properties. Our ndings are in agreement with a previous study showing that citrate-capped Ag nanoparticles (20 nm) suppressed M. tuberculosis-induced production of IL-1b in human monocyte-derived macrophages. 15 It is also noteworthy that ultra-small Ag nanoparticles (<10 nm) were shown to attenuate airway inammation and hyperresponsiveness in a mouse model of allergic airway disease. 22 The present results are, however, in contrast to other studies in which Ag nanoparticles were found to trigger activation of immune cells with secretion of pro-inammatory cytokines. 12, 13 The differences could be due to differences in particle properties or the use of different cell models, and may also be explained by different exposure regimens (i.e., single versus repeated administration of Ag nanoparticles to cells). 23 Moreover, endotoxin contamination is a factor that cannot be ignored and may confound the data. 24 We then asked whether similar effects on cytokine responses occurred following long-term exposure to Ag nanoparticles. To this end, we used the human bronchial epithelial cell line, BEAS-2B. The latter cells were suggested to exhibit high similarities in gene expression pattern to primary cells and are maintained under serum-free conditions which is more relevant for lung cells. 20 For characterization of the nanoparticles in relevant cell culture medium, see ESI Table S1 . † We previously reported on the cytotoxicity of Ag nanoparticles towards BEAS-2B cells at weekly intervals of exposure up to 6 weeks using the Alamar Blue assay. 18 We also performed colony formation efficiency (CFE) assays in the latter study, and noted no effects at 3 weeks, while the 10 nm particles (but not the 75 nm particles) slightly reduced the CFE at week 6. As shown in Fig. 4A , both basal and LPS-induced levels of IL-6 were suppressed in BEAS-2B cells exposed for 3 weeks to a low dose (1 mg mL À1 ) of Ag nanoparticles. Notably, following LPS challenge, the 10 nm particles displayed a stronger effect on IL-6 secretion when compared to the 75 nm particles. Furthermore, aer 6 weeks, a similar pattern was observed for IL-6 ( Fig. 4B ). For IL-8/CXCL8, the LPS-induced secretion was reduced by the 10 nm particles, but not by the 75 nm particles aer 3 weeks ( Fig. 4C ) as well as aer 6 weeks ( Fig. 4D) , while there was no effect on the basal levels of IL-8/CXCL8. The basal levels of IL-1b were reduced by both Ag nanoparticles aer 3 weeks whereas only the 10 nm particles reduced IL-1b formation in response to LPS (Fig. 4E) . Similarly, aer 6 weeks of exposure the IL-1b levels were lower for cells exposed to Ag nanoparticles when compared to control cells (Fig. 4F ). Ag nanoparticles also reduced the levels of TNF-a following LPS exposure ( Fig. 4G ) and this was more pronounced for the 10 nm particles when compared to the 75 nm particles (at 3 weeks of exposure). Aer 6 weeks of exposure to Ag nanoparticles, LPS-induced TNF-a levels were low, and the impact of the Ag nanoparticles was not very evident (data not shown). The secretion of IL-1ra, an IL-1 receptor antagonist, was reduced in response to LPS exposure and its expression was suppressed by the 10 nm Ag particles, but not by the 75 nm particles (at 6 weeks of exposure) ( Fig. 4H ). No signicant inhibition was noted for IL-10 or MIP-1a (also known as CCL3) (data not shown). In conclusion, long-term exposure of human lung cells to Ag nanoparticles reduced the secretion of pro-inammatory cytokines in response to a brief challenge with LPS, and these effects were more pronounced for the smaller Ag particles (10 nm).
Furthermore, to shed light on the underlying mechanism, we employed TLR reporter cells. TLR2 is a receptor that is activated by LPS in a response that depends on LPS-binding protein (LBP) and is enhanced by CD14. 25 The HEK-Blue™ hTLR2 cell line was generated by co-transfection of HEK293 cells with human TLR2 and CD14 along with the NF-kB/AP-1-secreted embryonic alkaline phosphatase (SEAP) reporter gene. 26 Once TLR2 signaling is initiated, NF-kB and AP-1 are activated, which leads to the secretion of SEAP which is detected in cell supernatants to quantify NF-kB activation. Our results showed that treatment with Ag nanoparticles alone did not impact on TLR2 activation (Fig. 5A ). When challenged with LPS, there was an approx. 16fold increase in reporter activation, and when the cells were cotreated with Ag nanoparticles and LPS there was a signicant and dose-dependent reduction in reporter activation as compared to treatment with LPS alone. The inhibition was more potent for the 10 nm particles (Fig. 5A) . These results provide evidence that the immunomodulatory effects of the Ag nanoparticles are mediated, at least in part, through the inhibition of TLR activation. In order to address whether the observed effect was related to Ag ions, reporter cells were also subjected to treatment with AgNO 3 with or without LPS. As shown in Fig. 5B , the Ag salt potently suppressed LPS-induced signaling. Finally, to further assess whether the effect was specic, reporter cells were exposed to TiO 2 NPs (primary particle size: 5 nm). The latter NPs had no effect on LPS-triggered TLR signaling (Fig. 5C ), thus supporting the view that the observed effects were specic for the Ag nanoparticles and likely due to the release of Ag ions.
Transcriptomics approaches are gaining traction in toxicological research and are regarded as a robust tool for identifying altered biological pathways, modes-of-action of toxicants, and biomarkers of toxicity. 27 Indeed, we and others have applied socalled next-generation sequencing to investigate mechanisms of nanoparticle-induced toxicity in cells and in intact organisms. [28] [29] [30] For instance, using RNA-seq, we could show that cerium oxide nanoparticles inhibited differentiation of neural stem cells. 31 In addition, we have applied RNA-seq to explore the effects of long-term exposure to Ag nanoparticles (1 mg mL À1 ) in BEAS-2B cells. 18 In the present study, we repurposed the previously obtained RNA-seq data and performed canonical pathway analysis by using the Ingenuity Pathway Analysis (IPA) soware in order to explore gene expression changes related to immune function in cells exposed to Ag nanoparticles for 6 weeks. Pathways ltered for immune function are shown in ESI Table  S2 . † The genes corresponding to each pathway are also shown; the color coding indicates the direction of the gene expression change: red, upregulation, and blue, downregulation as compared to untreated cells. Hence, we noted that the gene encoding IL-1a, a constitutively expressed pro-inammatory cytokine, along with the genes encoding IL-1b and IL-18, inducible cytokines released upon inammasome activation, 32 were all downregulated in BEAS-2B cells by Ag nanoparticles. Furthermore, MYD88, encoding an adaptor protein required for NF-kB activation downstream of TLRs was also downregulated. 16 We also performed gene ontology enrichment analysis and found that all of the top-hierarchical ontologies for the "biological process" categories were related to TLR signaling pathways, including the TRIF-dependent, TLR4, TLR9, TLR2, TLR10, TLR5, TLR1:TLR2, TLR6:TLR2, TLR3 and MyD88dependent TLR pathways (ESI Table S3 †). The corresponding up-and downregulated genes are also shown. Notably, we did not nd that the Ag nanoparticles affected the genes encoding LPS receptors (i.e., TLR2, TLR4, CD14). In sum, our analysis of the RNA-seq results supports the view that long-term exposure of BEAS-2B cells to Ag nanoparticles (10 nm) could yield immunosuppressive effects, possibly through a transcriptional effect on TLR signaling pathways.
Sarkar et al. proposed that Ag nanoparticles could interfere with TLR signaling pathways that culminate in NF-kB activation. 15 The authors speculated that the upregulation of Hsp72 by Ag nanoparticles could potentially block the expression of pro-inammatory cytokines by inhibition of the cytoplasmic translocation of HMGB1 in M. tuberculosis-infected macrophages. Our results demonstrated that Ag nanoparticles interfere with TLR-mediated NF-kB activation which, in turn, may explain the transcriptional effects we identied by RNA-seq. In another recent study, Gonzalez-Carter et al. demonstrated internalization of Ag nanoparticles in microglia, resident macrophages of the brain. 33 The Ag nanoparticles showed anti-inammatory effects with a reduction of LPS-stimulated TNFa production, in line with the present results. The latter effects Fig. 4 Ag nanoparticles modulate LPS-triggered cytokines in human lung cells. Cytokine secretion following exposure for 3 or 6 weeks to Ag nanoparticles, with or without LPS challenge, was determined using the Bio-Plex® Pro multiplex assay. The following cytokines were evaluated: IL-6 at week 3 (A) and week 6 (B); IL-8 at week 3 (C) and week 6 (D); IL-1b at week 3 (E) and week 6 (F); TNF-a at week 3 (G), and IL-1ra at week 6 (H). Results for TNF-a at week 6 are not shown (no significant effects were noted). Cells were cultured in BEGM throughout the 3 to 6 week exposure and during LPS challenge. Cytokine levels were normalized to protein content and are expressed as pg/mL/mg protein. were mirrored by AgNO 3 though the effects were less pronounced. In contrast, other investigators have reported that Ag nanoparticles potentiated LPS-induced IL-8 and TNFa production, but not LPS-induced IL-10 production. 34 Xu et al.
found that PVP-coated Ag nanoparticles blocked the induction of oral tolerance to dietary antigen ovalbumin in mice. 35 It was noted that the released silver ions were the dominating factor. Hirai et al. reported that mice exposed to Ag nanoparticles and LPS developed allergic inammation in response to silver. 36 The authors found that small NPs (#10 nm) transferred to lymph nodes and released ions more readily than large nanoparticles (>10 nm). Our results showed that the small (10 nm) particles released more Ag when compared to the larger (75 nm) particles, and we could show that this was more pronounced in cell culture medium supplemented with FBS, while the anti-inammatory effects were evident under serum-free cell culture conditions. The latter observation can be explained by the increased cellular dose of Ag under these conditions. Taken together, it is likely that particle dissolution with intra-and/or extracellular release of ions accounts for the immunomodulatory effects of Ag nanoparticles. These effects may occur, at least in part, at the transcriptional level but could also transpire through a direct inhibition of TLRs, as suggested by our experiments using reporter cells co-transfected with TLR2 and CD14. It is worth noting that other metals such as nickel (Ni 2+ ) and cobalt (Co 2+ ) were found to act directly on human (but not murine) TLR4. 37, 38 In conclusion, we explored the effects of Ag nanoparticles on the innate immune system by using different in vitro models. We could show that Ag nanoparticles elicited immunomodulatory effects following acute exposure of macrophage-like cells challenged with LPS. The latter effects were evidenced only in serum-free conditions, and as such, these effects cannot be explained by proteins present in the bio-corona. 39 We also found that long-term exposure of lung cells to Ag nanoparticles interfered with immune signaling by reducing basal levels of pro-inammatory cytokines and altering cytokine secretion in response to LPS. These effects were shown to be related, at least in part, to interference with LPS-induced TLR signaling. Our studies also provided evidence that Ag ions are the likely mediators of these effects. Our results add to the growing body of literature suggesting that specic molecular interactions or interferences with intra-or extracellular proteins may underlie the toxicity of nanoparticles. [40] [41] [42] It has been pointed out that many applications of 'nanosilver' in consumer products appear unnecessary, exposing humans to possible health risks. 43 Indeed, the fact that Ag nanoparticles are able to suppress immune responses to LPS is relevant for the antibacterial uses of such nanoparticles, and may potentially counteract their benecial effects, though further studies using relevant models of infection are required to appreciate the risk-benet balance.
Experimental section

Nanoparticles
In the present study, 10 nm and 75 nm citrate-coated Ag-NPs (BioPure) were used. The latter are OECD reference materials. Both NPs were purchased from Nanocomposix (San Diego, CA) in the form of stock dispersions (1 mg mL À1 ) in aqueous 2 mM citrate. Dispersions in cell culture medium were prepared fresh prior to cell exposure. TiO 2 NPs (NM-101) were obtained from the nanomaterial repository at the Joint Research Centre (JRC) of the European Commission and were characterized and dispersed as previously described. 17 
Nanoparticle characterization
Characterization of the nanoparticles in bronchial epithelial growth medium (BEGM) in terms of primary size (TEM), hydrodynamic size (photon cross-correlation spectroscopy, PCCS), Ag release (atomic absorption spectroscopy) was previously reported in Gliga et al. 18 The characterization of Ag nanoparticles in RPMI medium was performed in terms of (i) hydrodynamic size by photon cross-correlation spectroscopy (PCCS), and (ii) Ag release in cell medium by inductively coupled plasma mass spectrometry (ICP-MS). PCCS. Ag nanoparticles were dispersed in serum-free RPMI-1640 cell culture medium or in medium supplemented with 10% FBS at a concentration of 10 mg mL À1 . Samples were kept at 37 C and analyzed directly aer dispersion (0 h) aer 2 h and 24 h on a NanoPhox instrument (Sympatec, Germany). Data was analyzed and integrated using the Windox 5 soware. Standard latex samples (Sympatec) and blank samples were analyzed prior to the measurements. Duplicate samples were measured three times each and data from each of the separate measurements was integrated to generate the nal distributions. The intensity of the scattered light is presented as the mean of the six measurements with the corresponding standard deviation. ICP-MS. For evaluation of the release of Ag in cell culture medium, 10 mg mL À1 Ag nanoparticle dispersions were prepared in RPMI-1640 medium, serum-free and supplemented with 10% FBS. The samples were handled right aer preparation (0 h) or aer 24 h (37 C) by spinning down at 15 000 rpm for 1 h at 0 C. Both the pellet (containing the particles) and the supernatant (containing the released Ag fraction) were collected for analysis. Mineralization of the samples was performed in 4% HCl and 40% HNO 3 for 48 h. Thereaer the samples were diluted to reach approx. 3.5% HNO 3 prior to the analysis. 107 Ag and 109 Ag isotopes were quantied using an iCAP Q instrument (Thermoscientic) running on KED mode. Calibration standards of 1, 5, 10, 50, 100, and 500 ppb Ag (Spectrascan) were prepared in 0.35% HCl and 3.5% HNO 3 . All samples were spiked with 5 ppb indium as an internal standard with a range of recovery between 85-105%. The limits of detection for the investigated isotopes were <0.05 ppb. Each sample was injected at least 5 times and the relative standard deviation (RSD) acceptance was set at 10%. The samples yielded acceptable recoveries of the Ag amount (99.29 AE 10.66) calculated as total theoretical Ag per total experimentally determined Ag. Results are expressed as % Ag released from the total Ag mass added, calculated using the formula:
Endotoxin assessment
Endotoxin content was assessed using the chromogenic Limulus amebocyte lysate (LAL) assay (Charles River Endosafe, Charleston, SC) according to the manufacturer's instructions. The endotoxin level was below 0.5 EU mL À1 for 10 and 75 nm particles.
Cell models
The human bronchial epithelial cell line BEAS-2B (ECCC) was cultured in bronchial epithelial cell growth medium (BEGM) (Lonza) supplemented with recombinant epidermal growth factor (EGF), hydrocortisone, insulin, bovine pituitary extract, GA-1000 (gentamicin sulfate and amphotericin-B), retinoic acid, transferrin, triiodothyronine and epinephrine (Lonza). Cells were cultured in vented asks and plates pre-coated with: 0.01 mg mL À1 bronectin, 0.03 mg mL À1 bovine collagen type I, 0.01 mg mL À1 bovine serum albumin and 0.2% penicillin-streptomycin in BEGM additive free medium for 1-2 h prior to seeding. Cells were maintained in a humidied atmosphere at 37 C, 5% CO 2 and sub-cultured at 80% conuency. For the long-term exposure, cells were seeded in 6 well-plates (5 Â 10 3 cells per cm 2 , 2 mL cell medium per well) and allowed to attach for approx. 2 h. There-aer, cells were exposed to 1 mg mL À1 Ag10 or Ag75 (approx. 0.2 mg cm À2 ). Cells were split, counted, reseeded twice a week (5 Â 10 4 cells per cm 2 , 2 mL cell medium per well) and re-exposed to Ag nanoparticles over 6 weeks. The human monocytic leukemia cell line THP-1 (ATCC) was cultured in RPMI-1640 medium (Sigma) supplemented with 2 mM L-glutamine, 100 U mL À1 penicillin, 100 mg mL À1 streptomycin, and 10% fetal bovine serum (FBS) in vented T-75 cm 2 asks (Corning). Cells were maintained in a humidied incubator at 5% CO 2 and 37 C. Cells were kept at a density of 2 Â 10 5 and 1.5 Â 10 6 . For differentiation into macrophage-like cells, THP-1 cells were seeded at a density of 10 5 cells per cm 2 in RPMI medium with 500 nM phorbol 12myristate 13-acetate (PMA) (Sigma) for 24 h.
RNA-seq and bioinformatics analysis
RNA sequencing and downstream analysis of the data was performed as previously described. 18 Briey, following a 6 week exposure of BEAS-2B cells to 1 mg mL À1 Ag nanoparticles (10 nm), RNA was extracted and RNA-seq was performed using an Illumina Hiseq2500 platform. The sequencing data are deposited at ArrayExpress, (accession number E-MTAB-6321). Differential gene expression was performed using the DESeq2 package and the downstream analysis (canonical pathway analysis) of the differentially expressed genes was performed using Ingenuity Pathway Analysis (IPA) soware. 44 The canonical pathway analysis was repeated in the present study in order to obtain data using the most recent IPA content version (44691306, release date: 2018-06-14); data were ltered for pathways related to immune function, e.g., cytokine signaling and cellular immune response categories. In addition, gene ontology enrichment analysis of the differentially expressed genes was performed using the online tool GOEast 45 using a Fischer exact test and Alexa's improved weighted scoring algorithm. The signicance level of enrichment was set to a p-value of 0.05. The results are presented as the top-15 ontologies that correspond to the "biological process" domain, ordered according to their hierarchical level, i.e., the ontologies that are the furthest down in the hierarchy have the highest level and thus are the most specic ones.
Cell viability
THP-1 cells were differentiated into macrophage-like cells and exposed to 1-20 mg mL À1 Ag nanoparticles both in complete medium and serum-free RPMI medium. Following exposure, cells were incubated with Alamar Blue 10% (Invitrogen), prepared in the corresponding media, for 1 h at 37 C. Fluorescence was read on a microplate reader (Tecan Innite F200) (excitation 560 nm; emission 590 nm). Experiments were repeated three times with technical triplicates per sample. Results are presented as % metabolic activity versus control.
ICP-MS (cellular Ag content)
Macrophage-like THP-1 cells were exposed to 1 and 5 mg mL À1 10 and 75 nm Ag nanoparticles in the presence or absence of 10% FBS for 24 h. At the end of the exposure, cells were harvested and counted. Samples were mineralized and analyzed as described above under 'nanoparticle characterization'. The limits of detection for the investigated isotopes were <0.05 ppb.
Results are expressed as the mean amount of Ag in pg per cell.
Cytokine analysis
Cytokine secretion aer 3 and 6 weeks of Ag nanoparticle exposure in BEAS-2B cells and aer 24 h exposure in THP-1 derived macrophages was determined by the Bio-Plex® Pro multiplex assay (Bio-Rad) using a selection of cytokines from the Human Cytokine Panel, Group I (week 3: IL-1b, IL-6, IL-8, TNF-a; week 6: IL-1b, IL-1ra, IL-6, IL-8, IL-10, TNF-a, MIP-1a; 24 h: IL-1b, IL-6, IL-8, TNF-a). In addition to the basal cytokine secretion, we also tested cytokine release following challenge with LPS (from Escherichia coli 0111:B4, Sigma-Aldrich) in THP-1 cells (100 ng mL À1 , 6 h) and BEAS-2B cells (500 ng mL À1 , 8 h and 1000 ng mL À1 , 24 h). Following exposure, the supernatants were collected and stored at À80 C for analysis. The multiplex analysis was performed according to the manufacturer's instructions and the data was acquired on a Bio-Plex® 200 system (Bio-Rad). The cytokine concentrations were normalized to the protein content and expressed as pg cytokine/mL/mg protein.
TLR2-dependent NFkB/AP-1 activation
The HEK-Blue™ hTLR2 cell line (InvivoGen) was cultured in DMEM growth medium containing 4.5 g L À1 glucose and supplemented with 10% FBS, 50 U mL À1 penicillin, 50 mg mL À1 streptomycin, 100 mg mL À1 Normocin™, 2 mM L-glutamine and 1 Â HEK-Blue™ selection antibiotics mixture, according to the manufacturers' instruction. Cells were harvested and seeded in 96-well plates (50.000 cells per well). Cells were then exposed to Ag nanoparticles (10 nm and 75 nm), AgNO 3 , or TiO 2 nanoparticles (5 nm) at the indicated concentrations for 6 h followed by a 12 h challenge with LPS (100 ng mL À1 ) or medium alone. Exposures were performed in serum-free HEK-Blue™ detection medium (InvivoGen). TLR2-dependent, NFkB/AP-1mediated SEAP (secreted embryonic alkaline phosphatase) production was quantied at 630 nm in a microplate reader (Tecan Innite F200).
